We have characterized the early stages of murine hindlimb morphogenesis in the legless (lgl)mutant and non-mutant littermates. Initially the entire ventral ectoderm expresses many genetic markers characteristic of the AER (en-1, fgf-8, msx-2, dlx-2, cd44, and cx-43). Subsequently, the expression domain of most of these genes is restricted to the thickened ectoderm of the disto-ventral limb margin prior to forming an AER. In lgl, the expression of these genes is initiated but not maintained and the disto-ventral marginal ectoderm does not thicken. In contrast, Wnt7a expression is initiated and maintained in the dorsal ectoderm. The limb mesenchyme of lgl and non-mutant embyros initially expresses lmx-1b and fgf-10 uniformly. As the ventro-distal marginal ectoderm thickens, lmx-1b is progressively dorsally restricted in non-mutants but continues to be expressed ventrally in lgl hindlimb buds. These data suggest that establishment of a dorsoventral ectodermal interface is not sufficient for AER formation and that restriction of lmx-1b to the dorsal mesenchyme is coordinately linked to AER formation.
Introduction
Normal limb patterning requires the integrated interaction of signals from each of the three limb axes: the anteroposterior, dorso-ventral, and proximo-distal (for review see Johnson and Tabin, 1997) . The activity of sonic hedgehog (shh) and members of the hox d gene cluster have been linked to patterning across the antero-posterior limb axis. Patterning of the dorso-ventral axis is mediated in part by wnt-7a expression in the dorsal ectoderm, lmx-1 in the dorsal mesenchyme, and engrailed-1 (en-1) in the ventral ectoderm. Critical to outgrowth of the limb bud is the establishment of the proximo-distal axis. Of importance to this axis is a specialized distal epithelium known as the apical ectodermal ridge (AER) which expresses several members of the fibroblast growth factor gene family including fgf-2, fgf-4, and fgf-8 (Niswander and Martin, 1992; Savage et al., 1993; Crossley and Martin, 1995) . Extirpation of the AER results in a cessation of limb outgrowth coincident with the time of removal (Saunders, 1948) . In its absence, the growth promoting activity of the AER can be replaced by supplying exogenous recombinant fibroblast growth factors to the denuded mesenchyme (Niswander et al., 1993; Fallon et al., 1994; Vogel et al., 1996; Crossley et al., 1996) .
How the AER is induced to form, and the signals which mediate this event, are largely unknown. Previous tissue recombination studies performed in the chick indicate that the capacity of the ectoderm to form an AER is temporally restricted (Saunders and Reuss, 1974; Carrington and Fallon, 1984) and is dependent upon a temporally regulated signal produced by the underlying presumptive limb bud mesoderm (Kieny, 1960 (Kieny, , 1968 Saunders and Reuss, 1974) . This signaling pathway is disrupted in the chick mutant limbless, in which limb bud formation is initiated but the AER fails to develop (Prahlad et al., 1979) . The lack of AER formation in limbless mutants has been attributed to an inability of the ectoderm to develop a dorso-ventral interface. This conclusion is supported by the lack of restricted expression of wnt-7a, radical fringe, and lmx-1 to dorsal aspects of the limb, the absence of detectable en-1 expression in the ventral ectoderm (Ros et al., 1996; Grieshammer et al., 1996; Laufer et al., 1997) , and the inability of limbless ectoderm to form an AER when recombined with wild type mesoderm (Carrington and Fallon, 1988) .
In this study, we have closely examined the early stages of hindlimb bud development to more fully understand the progression of events preceding AER formation and to define the developmental time point at which the normal progression of limb morphogenesis is disrupted in the hindlimb buds of the murine insertional mutant legless (lgl). The phenotype of homozygous lgl mutants includes the absence of hindlimb structures distal to the femur, forelimbs with variable expressivity ranging from normal to the absence of anterior skeletal elements, missing olfactory bulbs, and facial clefts (McNeish et al., 1988 (McNeish et al., , 1990 . In addition, 50% of the lgl mutants exhibit situs inversus (Schreiner et al., 1993) . The situs inversus aspect of the lgl phenotype is thought to be attributable to the transgene insertional loss of a gene encoding an axonemal dynein since a single point mutation in this locus is also present in the syntenic iv mouse strain (Supp et al., 1997) . Within the Ͼ600 kb deleted region of the lgl genome, a member of the sp4 gene family has also been identified. However, sp4 null animals appear morphologically normal (Supp et al., 1996) . Although the gene responsible for the hindlimb aspects of the lgl phenotype are currently unknown, previous morphological studies indicated that the hindlimb bud failed to form a detectable AER (Singh et al., 1991) . Thus, the consistent absence of hindlimb structures (100%) makes lgl mutants an ideal model system to study the process of AER induction in the mouse limb bud. Presented here is a detailed analysis of the early stages of normal mouse hindlimb development suggesting that the AER arises from a population of ventral limb ectoderm cells whose developmental program is initated in the lgl hindlimb but subsequently arrested. Our studies of the lgl mutant also suggest that establishment of the dorso-ventral axis of the limb bud mesenchyme is coordinately linked to the initial formation of the AER.
Methods
Studies were conducted in the lgl mouse strain derived by inbreeding pHT1-1 transgenic C57/C3H F 1 animals (McNeish et al., 1988) . Female mice were housed (1-4 per cage) in plastic cages with wood chip bedding and stainless steel tops with access to food (Purina Formulab 5008) and water ad libitum. The mice were maintained at constant temperature (22 ± 1°C) and humidity (~50%) under an alternating light-dark cycle of 12 h duration. Individual males were placed with females for the last 1-2 h of the dark cycle. The presence of a vaginal plug indicated a successful mating and 0900 h was considered time zero of pregnancy. Embryos were collected on days 10-11 of gestation and fixed in either 4% paraformaldehyde or Carnoy's fixative. Embryos were staged based on the system described by Wanek et al. (1989) . For the determination of somites within each embryo, the somite immediately following the posterior edge of the hindlimb bud was considered number 29. The genotype of each embryo was determined by Southern blotting DNA isolated from individual yolk sacs.
Whole mounts
Whole mount in situ hybridization assays were performed essentially as described by Wilkinson and Nieto (1993) . The strength and length of proteinase K treatment was either 5 mg/ml for 5 min for the examination of genes expressed in the ectoderm or 10 mg/ml for 15 min for genes expressed in the mesenchyme. To increase sensitivity, embryos hybridized with the antisense riboprobe to fgf-10 were developed in the presence of 10% polyvinyl alcohol (Barth and Ivarie, 1994) . After developing, embryos which had been hybridized with riboprobes for lmx-1b and wnt7a were postfixed in 4% paraformaldehyde, dehydrated in graded ethanols and then xylene prior to being embedded in paraffin for sectioning. All photos were generated from slides taken using a WILD M5A stereoscope using Kodak Ektachrome 160T film. Slides were electronically scanned using a Polaroid Sprintscan 35 and composites generated using Adobe Photoshop. The mouse cDNA probes used were generously provided by Andrew McMahon (wnt-7a and shh), Gail Martin (fgf-8 and fgf-4), Virginia Papaioannou (tbx-4), Denis Duboule (hox d11), Robert Maxson (msx-2), Mark Hanks (en-1), Randy Johnson (lmx-1b), Vincent Giguere (crabp I and II), Cecilia Lo (cx-43), Brigid Hogan (fgf-10), and John Rubenstein (dlx-2).
Histology/immunohistochemistry
Embryos fixed in Carnoys fixative were dehydrated in 100% ethanol and xylene prior to being embedded in paraffin. Sections of thickness 6 mm were generated. For histological analysis sections were stained with hematoxylin and eosin. For immunohistochemistry, sections were deparaffinized, subjected to 3% H 2 O 2 and preblocked in PBMT (phosphate buffered saline (PBS) containing 0.1% Triton X-100, 1% bovine serum albumin, and 2% non-fat dry milk). The primary antibody Im7, rat anti-Cd44 (provided by Larry Sherman; Wheatley et al., 1993) was absorbed overnight at 4°C at a concentration of 2 mg/ml in PBMT. Following washes in PBS, primary antibody was detected using an anti-rat IgG ABC kit according to the manufacturers directions (Vector, Burlingame, CA, USA). For visualization slides were incubated in PBS containing 0.08% NiCl 2 , 250 mg/ml diaminobenzidine (Sigma), and 0.03% H 2 O 2 . All sections were photographed on an Olympus BH-2 microscope using Kodak Ecktochrome 160T film.
ZPA grafts
Prior to grafting, fertilized White Leghorn eggs (SPA-FAS) were incubated at 38°C. On day 2 of incubation, 2-3 ml of albumin were removed. Eggs were windowed on day 3 and received three drops of penicillin/streptomycin (50 units/ml). Donor pieces of mouse tissue were isolated and transplanted between the AER and anterior mesenchyme of stage 20 (Hamburger and Hamilton, 1951 ) chick limb buds. The mouse donor tissue was isolated from stage 2 hindlimbs of 34 somite mutant and non-mutant embryos (Wanek et al., 1989) . After grafting, eggs were sealed with tape and returned to the incubator for 7 days prior to sacrifice. To assess polarizing activity, right wings were removed from the host embryo, cleared, and stained with alcian blue for cartilage visualization. After staining, all grafts were examined for irregularities in the digit pattern and the index of polarizing activity was determined according to Honig et al. (1981) .
Results
We have investigated the process of AER formation in the mouse by examining hindlimb buds of non-mutant embryos, either wild type or lgl heterozygotes, and stage matched lgl hindlimbs. We have observed that genes commonly considered markers of the AER are initially expressed by the entire surface of the ventral ectoderm and their domains of expression subsequently are restricted to the disto-ventral margin of the ectoderm. For all of these studies, a modified version of the staging system for mouse limb buds previously described by Wanek et al. (1989) was used to classify the developmental stage of all limb buds examined. Based on this system, stage 0.5 hindlimb buds are characteristic of embryos with~28-29 somites (Fig. 1A) , embryos with~29-31 somites possess stage 1 hindlimbs ( Fig. 1F) , embryos with~31-33 somites possess stage 1.5 hindlimb buds (Fig. 1K) , and embryos with~33-36 somites possess stage 2 hindlimb buds (Fig. 1P ). There is not a direct correlation between the number of somites present and the limb bud stage since the rate of limb outgrowth is variable between embryos as well as between limbs on the same embryo (compare left vs. right limb buds in Fig. 1A ).
Morphogenesis of the ectoderm
Stage 0.5-2 hindlimb buds were histologically sectioned across the anterior posterior axis of the limb to provide sections exhibiting both the proximo-distal and dorsoventral axes. As depicted in Fig. 1 (B,D) the ventral ectoderm is already distinguishable from the dorsal by being uniformly thicker in stage 0.5 hindlimb buds. At stage 1, histological sections of the anterior aspect of the limb appear the same as at stage 0.5. In the posterior sections, a slight thickening of the ectoderm at the ventro-distal margin is evident (Fig. 1G,I ). In stage 1.5 hindlimb buds the ventrodistal thickening has extended across the entire anteroposterior axis of the limb and is more pronounced poster- iorly (Fig. 1L,N) . By stage 2, the broad thickened ventrodistal margin begins to narrow (Fig. 1Q,R) . At this stage, nile blue staining indicates that an episode of cell death occurs in the ventro-distal marginal ectoderm, first evident anteriorly and then posteriorly (data not shown; Milaire, 1974) . By stage 3, the thickened ventro-distal marginal ectoderm condenses further forming an AER detectable by scanning electron microscopy (Martin, 1990) .
Histological cross sections of the lgl hindlimb buds indicate that the early distinction between dorsal and ventral ectoderm is made (Fig. 1C,E) . Although the size of the lgl hindlimb is comparable to non-mutant hindlimbs through stages 1.5-2, the lgl ectoderm fails to thicken at the ventro-distal margin (Fig. 1G,L vs. H,M) . The failure to thicken does not appear to be the result of ectodermal cell death since little is detected in lgl hindlimbs stained with nile blue (data not shown).
Dorsal and ventral characteristics of the lgl hindlimb were investigated further by both immunohistochemistry and whole mount in situ hybridization assays. Immunohistochemical staining of sections adjacent to those used for histology indicate that the ventral ectoderm of both nonmutant and lgl mutant limbs express the cell surface glycoprotein CD44. At stage 0.5 expression is initiated across almost the entire ventral surface of both hindlimb buds (Fig. 1D,E) . As limb outgrowth proceeds, in non-mutant limb buds the domain of expression co-localizes with the cells of the thickening ventro-distal margin (Fig. 1I,N,R) , and subsequently becomes localized to cells in the AER. In lgl hindlimbs, CD44 expression is initiated normally (Fig.  1E ), but as limb outgrowth continues, the domain of expression continues to encompass most of the ventral ectoderm (Fig. 1J,O) instead of becoming distally restricted.
The pattern of CD44 expression observed in non-mutant hindlimb buds is similar to the genes fgf-8, msx-2, dlx-2, and cx-43 as revealed by whole mount in situ hybridization assays (Fig. 2E,G,I ,K, data not shown). En-1 is also expressed by this unique population of early ventral ectoderm cells ( Fig. 2A) but as the limb matures, in addition to being expressed at the ventro-distal margin, expression persists in cells comprising the proximo-ventral ectoderm (Fig.  2C, arrowhead) . In stage 1 lgl mutant hindlimbs en-1, msx-2, dlx-2 all appear to be expressed at levels similar to that observed in stage-matched non-mutant limbs ( Fig. 2A,B ,I,J, data not shown). Fgf-8 expression is initated in the lgl hindlimb bud but the level of expression is noticeably reduced at stage 1 (Fig. 2E,F) . By stage 2, the expression of cd44, fgf-8, msx-2, dlx-2, and cx-43 is restricted to the population of cells at the thickened ventro-distal margin in non-mutant limbs (Figs. 1R and 2G,K; data not shown; Meyer et al., 1997) . In stage 1.5-2 lgl hindlimb buds, the expression of en-1, msx-2, and cx-43 is undetectable (Fig. 2D,L , 1997) . Low levels of dlx-2 expression are seen proximally at this stage but are subsequently lost (data not shown). Punctate expression of fgf-8 is observed (Fig. 2H ) and is also lost by the time lgl mutant embryos have acquired 36-38 somites. Consistent with the lack of AER formation, the initiation of fgf-4 expression is not observed in lgl hindlimb buds (data not shown).
Wnt-7a is expressed from the outset of limb outgrowth (Parr and McMahon, 1995) . In both lgl mutant and nonmutant hindlimb buds, the domain of wnt7a expression includes the dorsal ectoderm and wraps around the apex of the limb bud to the ventral surface (Fig. 4C,F) . By stage 2 when the disto-ventral ectoderm is prominently thickened, wnt7a expression is restricted to the dorsal ectoderm (Fig. 4K) . In contrast to the loss of ventral ectoderm marker gene expression, wnt-7a continues to be expressed by the dorsal ectoderm in stage 1.5-2 lgl mutant hindlimb buds (Fig. 4L) .
Unlike the hindlimb bud, a morphologically distinct AER is formed by the forelimb buds of lgl mutant embryos (Fig.  3A,B) . Consistent with the variable expressivity of the forelimb malformations, the morphology of the AER ranges from being completely normal to possessing irregularities predominantly along the anterior limb margin (Fig. 3A) . With the exception of these domains in which the anterior AER margin fails to form, the expression pattern of all the ectodermal markers examined appeared normal in the lgl forelimb bud (data not shown).
The early limb mesenchyme
Since proximo-distal and dorso-ventral aspects of the lgl hindlimb ectoderm were found to be disrupted, characteristics of the limb mesenchyme were analyzed. In the chick, lmx-1 is considered a marker of dorsal mesoderm (Riddle et al., 1995) . An examination of lmx-1b expression during these early stages of mouse hindlimb development revealed lmx-1b is initially expressed throughout the limb mesenchyme in both non-mutant and lgl mutant limbs (Fig. 4A,B) . As outgrowth continues, a ventro-proximal domain is established devoid of lmx-1b expression (Fig. 4D,E) . The establishment of this region of the ventral mesenchyme devoid of lmx-lb expression does not fully occur in the lgl mutant disto-ventral mesoderm (Fig. 4G,H) . In non-mutant hindlimb buds, as the ventro-distal accumulation of ectoderm cells becomes more distinct at stage 2, the domain of lmx-1b expression is restricted to the dorsal mesenchyme (Fig.  4J,K) . These observations indicating that lmx-1b is initially expressed throughout the early mouse limb mesenchyme and progressively becomes dorsally restricted has also been recently noted by Loomis et al. (1998) .
The newest member of the FGF gene family, fgf-10, has recently been cloned in the chick by Ohuchi et al. (1997a) and in the mouse by Bellusci et al. (1997) . In the mouse limb, fgf-10 is expressed throughout most of the limb Paraffin sections (15 mm) of lmx-1b whole mounted embryos revealing the dorso-ventral limb axis (B,E,H,K). The ectoderm is fragmented in (B) and (G) due to the proteinase K treatment. The section in (B) is from a lgl embryo, lmx-1b is expressed throughout the mesenchyme. Expression is not detected in the core mesenchyme of (B,E,H,K) due to poor probe penetration. Note the ventral edge of the lmx-1b expression domain parallels the disto-ventral accumulation of ventral ectoderm cells in the non-mutant (arrowheads in E,K,L) but the expression domain remains ventral in the lgl mutant hindlimb (G,H). Arrows in (C,F,I,L) indicate position of wnt7a expressing versus non-expressing cells. Note that in the stage 1.5 lgl hindlimb bud wnt7a (I) is more dorsally restricted than the domain of lmx-1b (H). mesenchyme at stage 0.5 (Fig. 5A) . As the limb reaches stage 1, slightly higher levels of expression are observed posteriorly (Fig. 5B ). In the lgl hindlimb bud, fgf-10 expression is normally initiated and appears equivalent to nonmutants at stage 1 (Fig. 5C ).
The expression of other mesenchymal markers including crabp 1, crabp II, and tbx4 are comparable between lgl mutant and non-mutant hindlimbs (data not shown). In the lgl mutant, crabp 1 expression is normally restricted to the anterior mesenchyme. Hox d11 expression is initiated and restricted to the postaxial mesenchyme of the lgl hindlimb bud (data not shown). As shown in Fig. 5D versus E, stage 1.5 lgl hindlimb buds properly initiate expression of shh. However, an examination of older embryos (38-40 somites) revealed that shh expression was not maintained (data not shown). These observations are consistent with the previously proposed relationship between FGFs in the ectoderm and the maintenance of shh expression (Niswander et al., 1994; Crossley et al., 1996; Vogel et al., 1996) .
An additional characteristic of the postaxial mesenchyme is its ability to induce mirror image digit duplications after being grafted into the anterior margin of a stage 20 chick embryo limb bud. Stage 1.5-2 mouse hindlimb ZPA tissue isolated from 34 somite non-mutant and lgl mutant embryos possessed polarizing indexes of 75 and 67% respectively (Table 1) . These values are consistent with those previously observed for the mouse limb by Wanek and Bryant (1991) who reported a polarizing index of 65% for mouse limb ZPA tissue isolated from stage 3 and 4 limb buds.
Discussion
In the mouse, several genes known to be expressed in the morphologically distinct AER including msx-2 (Davidson et al., 1991) , dlx-2 (Bulfone et al., 1993) , en-1 (Loomis et al., 1996) , fgf-8 (Ohuchi et al., 1994; Martin, 1995), cx-43 (Meyers et al., 1997) , formin isoform IV (Chan et al., 1995) , and cd44 (Wheatley et al., 1993; Wainwright et al., 1996; Yu et al., 1996) are expressed prior to AER formation in the early ventral ectoderm. As limb outgrowth continues, expression of all but en-1 become restricted to the population of ectoderm cells at the ventro-distal limb margin (Figs. 1L,N,Q,R and 2C,G,K) . Following constriction of the population of cells comprising this ventro-distal thickening, a morphologically distinct AER is formed. These observations with select genetic markers are complementary to the previous findings of Milaire (1962, 1974, 1997) who demonstrated, using selective histochemical techniques, that the early ventral ectoderm, the thickened disto-ventral margin, and subsequently the AER all exhibit a selective alkaline phosphatase activity and an increase in the concentration of cytoplasmic RNA in the deep cellular processes in association with the basement membrane. Combined, these data suggest that the AER of the mouse limb may be derived from a unique population of ventral ectoderm cells.
Two recent fate mapping studies performed in the chick by Michaud et al. (1997) and by Altabef et al. (1997) suggest that the cells which give rise to the chick AER originate from a wide band of ectoderm overlying the somites, intermediate mesoderm and the lateral plate mesoderm. Interestingly, the DiI and DiA labeling studies of Altabef et al. (1997) also suggest that a greater component of the chick hindlimb AER is derived from presumptive ventral ectoderm than is the wing, and that cells destined to form the AER are intermingled with non-ridge cells suggesting that AER formation involves cell migration. All of these studies in the chick were performed at stages prior to any visible evidence of the limb. Since our studies were conducted on emerging mouse hindlimb buds, it is possible that similar morphogenetic events occur in the mouse limb field prior to limb emergence. The data presented herein represents the next developmental phase of AER formation which is not readily observed in the chick limb bud since AER formation occurs very rapidly in the chick limb compared to the mouse limb bud (Wanek et al., 1989; Martin, 1990 ). Thus, the described population of ventral ectoderm cells observed in the mouse limb may represent compartmentalized cells destined to form the AER. Interestingly, the gap junction protein cx-43 is one of the genetic markers for this population of ventral ectoderm cells and the boundaries between popu- lations of cells which are coupled by gap junctions versus not coupled have been proposed to define developmental compartments during embryogenesis (Kalimi and Lo, 1989) . Meinhardt (1983) previously postulated that a prerequisite for AER formation is the juxtaposition of two compartments, now thought to be the dorsal and ventral ectoderm. Consistent with this model, analyses of the limb buds of chick limbless mutants have demonstrated that genes normally expressed dorsally in the chick limb bud, wnt7a (Riddle et al., 1995) and radical fringe (Laufer et al., 1997; Rodriguez-Esteban et al., 1997) , are expressed by both the dorsal and ventral ectoderm in limbless buds whereas the expression of en-1, msx-2, and fgf-8 are undetectable (Laufer et al., 1997; Ros et al., 1996; Grieshammer et al., 1996; Noramly et al., 1996) . Unlike the chick mutant limbless, different compartments are initially established in the lgl hindlimb bud as evidenced by the ectoderm being thicker ventrally compared to dorsally (Fig. 1D,E) , the ventral ectoderm initiating expression of and cd44 (Figs. 1E and 2B, F, J) , and a normal pattern of wnt 7a expression (Fig. 4C,I ). These observations are reminiscent of the chick mutant wingless. Like the lgl hindlimb bud, the wing buds of wingless mutants initiate expression of fgf-8, en-1, and wnt7a (Ohuchi et al., 1997b) . In contrast to lgl, the ectoderm of the wingless wing bud does form an AER which subsequently rapidly regresses (Sawyer, 1982; Ohuchi et al., 1997b) whereas in the lgl hindlimb the expression of these genes is lost and an ectodermal thickening at the disto-ventral margin is not observed suggesting that the AER inductive pathway is disrupted at a stage of morphogenesis which is also distinct from and proceeds wingless. At least three mouse mutants also possess known deficiencies in AER morphogenesis, the en-1 null embryos (Loomis et al., 1996 (Loomis et al., , 1998 , the formin isoform IV null embryos (Chan et al., 1995) , and the syndactylism (sm) mutation (Sidow et al., 1997) . In all of these mutants, an AER like structure forms which is capable of promoting continued distal outgrowth resulting in the formation of limbs with at least some digits. In sm homozygotes, the newly formed AER becomes hyperplastic resulting in progeny with osseous syndactyly (Sidow et al., 1997) . Like the lgl transgene insertion site, the gene responsible for the sm mutation, serrate 2 (jagged-2) maps to the distal arm of chromosome 12 (Sidow et al., 1997; Lan et al., 1997) . This gene is not responsible for the lgl hindlimb phenotype since targeted disruption of this locus also results in osseous syndactyly , the locus appears intact in the lgl genome, and matings between heterozygous females carrying the jag-2 targeted allele and males carrying the lgl allele resulted in progeny with normal limbs (Bell et al., 1998) .
In contrast to the sm mutation, disruption of the en-1 locus or the formin isoform IV locus results in limb buds which do not form a morphologically distinct AER. In these two mutants, AER formation appears to be disrupted during the phase of AER development when the thickened distal population of ventral ectoderm cells constrict and differentiate to form a morphologically distinct AER (Kuhlman and Niswander, 1997; Loomis et al., 1998) . Combined, these data suggest that the arrest in development of the lgl hindlimb may be attributable to the absence of a signal distinct from the molecules which generate the limbless and wingless phenotypes and prior to the role of en-1 and formin isoform IV in AER formation.
Although the data presented herein has focused on AER formation in the hindlimb bud, studies by Loomis et al. (1998) and ourselves indicate that the reported early pattern of ventral ectoderm gene expression also occurs in the developing murine forelimb bud (unpublished data; Meyer et al., 1997) . The morphogenetic process of AER formation may occur similarly in the hindlimb and forelimb however, the signals which mediate AER formation and or maintenance may be different molecules. Notable is that the forelimbs of lgl mutants and the legs of wingless mutants exhibit a variable phenotype including normal limbs and both can form and maintain a normal AER (Ohuchi et al., 1997b; Sawyer, 1982) . Consistent with this possibility, hoxb-8, members of the tbx gene family, and the hox C cluster genes are known to be differentially expressed in the fore vs the hindlimb buds of both chick and mouse (Chapman et al., 1996; Ohuchi et al., 1998; Peterson et al., 1994; Charite et al., 1994; Stratford et al., 1997) .
Since Nile blue staining and histological examination of lgl hindlimb buds indicated that there was no excessive cell death in the lgl hindlimb ventral ectoderm, the loss of detectable levels of en-1, msx-2, fgf-8, etc., suggests that a signal required for either the maintenance of this population of early ventral ectoderm cells or for promotion along the AER inductive pathway may not be present, or the signal is present but these cells are unable to receive or interpret the signal. Currently, we are unable to distinguish between these possibilities since we have not established whether the inability to form an AER is indigenous to the lgl hindlimb ectoderm or mesoderm. In the chick, mesenchymal signals are known to play a role in the AER inductive process (Saunders and Reuss, 1974; Kieny, 1960 Kieny, , 1968 . Fgf-10 has recently been proposed to mediate this process in the chick (Ohuchi et al., 1997a) . Our studies and those of Xu et al. (1998) indicate that the mouse homologue of fgf-10 (Bellusci et al., 1997) is also expressed during this critical window of AER induction in the mouse. However, since stage 1 lgl mesoderm expresses fgf-10 in the absence of thickening disto-ventral ectoderm, either the lgl ectoderm is not competent to respond to this signal or if involved in this process, the role of fgf-10 may be to initiate the AER inductive pathway (the expression of genes like fgf-8, msx-2, cx-43, etc.) , which does occur in lgl. Consistent with the latter possibility, in the chick limb fgf-10 expression precedes fgf-8 expression and ectopic fgf-10 expression induces fgf-8 in the overlying ectoderm (Ohuchi et al., 1997a) . In addition, fibroblast growth factor receptor 2b is thought to be the receptor for fgf-10 and murine embryos possessing targeted disruptions of this locus express fgf-10 in the mesenchyme but fail to express fgf-8 in the overlying ectoderm (Xu et al., 1998) .
As evidenced by the posteriorly restricted domains of shh and hoxd-11 expression, the antero-posterior axis of the lgl hindlimb mesenchyme is normally established. However, patterning across the dorso-ventral axis is disrupted. In the chick limb bud, dorsal mesenchymal expression of lmx-1b is thought to be dependent on the expression of wnt-7a in the dorsal ectoderm (Riddle et al., 1995) . Cygan et al. (1997) recently reported lmx-1b expression in the dorsal mesenchyme of mouse limb buds which had already formed an AER. These authors and Loomis et al. (1998) also report that in prepaddle stage limb buds of Wnt7a null embryos, the pattern of lmx-1b expression is the same as non-mutant embryos. We observe that in the stage 0.5 mouse limb lmx-1b is expressed throughout the mesenchyme (Fig.  4A,B) and as the disto-ventral marginal ectoderm thickens, a ventral mesenchyme domain devoid of lmx-1b expression is established. As the population of disto-ventral marginal cells becomes more distinct, lmx-1b expression is progressively restricted to the dorsal mesenchyme, as summarized in Fig. 6 . A similar observation has also been made by Loomis et al. (1998) . In lgl, this population of disto-ventral ectoderm cells is lost and lmx-1b expression persists in the ventro-distal mesenchyme (Fig. 4G,H) . In lgl hindlimb buds, at each of the stages examined the domain of wnt7a expression was more dorsally restricted than that of the mesenchymal lmx-1b expression domain giving further support to the idea that early lmx-1b expression is independent of wnt7a expression (Cygan et al., 1997; Loomis et al., 1998) and suggesting that establishment of dorsal and ventral identities in the distal mesoderm of the limb is coordinately linked to the AER inductive process.
In conclusion, these data argue that the murine AER is derived from a unique population of initially ventral ectoderm cells and indicate that formation of a dorso-ventral boundary in the ectoderm as defined by juxtaposing the expression domain of wnt-7a versus the ventral domain of cells expressing fgf-8, cd44, msx-2, cx-43 , and dlx-2 is not sufficient for either AER formation to occur or for the restriction of lmx-1b to the dorsal mesenchyme. Based on our studies of the lgl mutant, we propose that establishment of a mesenchymal dorso-ventral interface is coordinately linked to formation of the AER. Fig. 6 . A model for AER induction in the mouse limb. This is a pictoral summary of the patterns of gene expression observed during the early stages of hindlimb morphogenesis in normal and lgl mutant hindlimb buds. Normally, the initial population of ventral ectoderm cells expressing fgf-8, en-1, msx-2, cx-43, cd44 , and dlx-2 progressively become restricted to the disto-ventral margin of the limb prior to formation of a distinct AER. The accumulation of these cells fails to occur in the lgl hindlimb bud and the expression of these genes is subsequently lost. Coordinately, the limb bud mesenchyme which initially uniformly expresses lmx-1b during stages 0.5-1 progressively restricts the domain of expression to the dorsal mesenchyme as the ventral ectoderm cells accummulate at the disto-ventral margin. We propose that establishment of a distal dorsoventral mesenchymal interface is coordinately linked to AER formation.
